Interchromosomal translocations within lymphoid neoplasms frequently involve the antigen receptor genes. We cloned the breakpoints of the t(l1;14)(p15;q11) in a CD3-negative T-cell acute lymphoblastic leukemia cell line (RPMI 8402) in order to identify new genes potentially involved in T-cell neoplasia. An extensive comparison of both breakpoints and their germ line counterparts indicated that an inadvertant recombinasemediated break at chromosome segment llplS recombined with the 6 T-cell receptor at 14qll. The derivative 11 breakpoint resembles a coding joint in which llplS rather than a variable region was introduced 5' to a D81D82J81 intermediate rearrangement. Conversely, the derivative 14 breakpoint corresponds to a signal joint between the 5' heptamer-spacer-nonamer recombinational signal of Dr, and an isolated heptamer at llplS.
D81D82J81 intermediate rearrangement.
Conversely, the derivative 14 breakpoint corresponds to a signal joint between the 5' heptamer-spacer-nonamer recombinational signal of Dr, and an isolated heptamer at llplS.
Multiple, apparently distinct transcripts were found flanking both breakpoints of 8402. RNAs of 3.5, 4.4, 1.4, and 8.0 kilobases originating from either side of the derivative 14 breakpoint were highly expressed in 8402 compared with other cells. This suggests that this translocation deregulated multiple genes and provides the opportunity to assess any multifactorial contribution they may have to malignancy. We cloned and sequenced several cDNAs representing the 1.4-kilobase transcript (termed Ttg-1 [T-cell translocation gene 1]) from an 8402 library. The predicted protein of 156 amino acids contained two internal repeats which could potentially form zinc fingers.
Chromosomal translocations are frequently found in malignant cells but not in their normal cellular counterparts. Moreover, unique translocations are associated with histologically and phenotypically distinct neoplasms (43, 56, 57) . Lymphoid malignancies often possess translocations at the chromosomal sites of the antigen receptor genes, immunoglobulin genes in B-cell neoplasms, or T-cell receptor (TCR) genes in T-cell neoplasms (for a review, see reference 31). These genes normally rearrange during development to assemble separate variable (V), joining (J), and, at times, diversity (D) segments into a contiguous V(D)J coding joint. A site-specific recombinase cleaves at conserved heptamerspacer-nonamer signal sequences, which flank the coding regions of these gene segments (33, 53) , removing the intervening DNA segments and ligating the signal sequences to each other to generate extrachromosomal circles (22, 41) . These genes prove to be the most frequent sites for illegitimate recombinations with nonhomologous chromosomes in lymphoid neoplasms (31) .
Genes located at the sites of such translocations appear to directly participate in the development or maintenance of the malignant phenotype (29) . Interchromosomal translocations can deregulate these candidate oncogenes by a variety of mechanisms. Transcriptional activation due to the introduction of enhancer elements has been shown for c-myc in a transgenic mouse model (1) . Disruption of normal transcription by acquired somatic mutation has been noted for c-myc in the t(8;14)(q24;q32) of Burkitt's lymphoma (11) . Translocations can also result in the production of abnormal mRNAs. Truncated RNAs from the lyl-J gene were seen in * Corresponding author. the case of a T-cell acute lymphoblastic leukemia (T-ALL) bearing a t(7;19)(q34;pl3) (13) . Fusion transcripts containing sequences derived from both genes involved in the translocation can be found, such as the Bcl-2-Ig transcripts seen in follicular lymphomas bearing a t(14;18)(q32;q21) (14, 46) , the Ig-aTCR transcripts seen in T-cell leukemias and lymphomas bearing a inv(14)(qll.2;q32.3) (16) , and the bcr-abl transcripts seen in chronic myeloid leukemia cells bearing a t(9;22)(q34;qll) (23, 48) . In the latter case, a chimeric protein containing coding sequences derived from both the bcr and abl genes is translated (4) .
In order to identify new genes that might participate in T-cell growth and neoplasia, we cloned the breakpoints of both derivative chromosomes of the t(11;14)(p15;qll) found in the well-characterized T-ALL cell line, RPMI 8402 (26) . This translocation involves the BTCR locus at 14qll. One derivative breakpoint corresponds to an attempted coding joint, while the other is analogous to a signal-joint. We have identified several distinct transcripts arising from sequences found on the derivative 14 [der (14) ] chromosome. These mRNAs are increased in the 8402 cell line, suggesting that translocation may have activated more than one gene. We have cloned and sequenced the cDNA corresponding to one of these messages. We postulate that the protein encoded by this cDNA (termed Ttg-l for T-cell translocation gene 1) may form two zinc fingers similar in structure to those described for several families of DNA-binding proteins (for reviews, see references 5 and 30). qll) (26) was used in this study. This phenotypically immature cell lacks CD3, CD1, CD4, and CD8 but displays CD7 and CD2 (21 (17) and Jurkat (JM) (38) , TCR-expressing T-cell lines; Peer (17) , a -yb-expressing T-ALL line; -yS CBL and -yb PBL, human T-cell lymphotropic virus type 1-transformed cord blood and peripheral blood lymphocytes, respectively (kindly provided by D. Cohen, National Institutes of Health); HSB-2 (21) , CD3-T-ALL; SUDHL-6 and SUDHL-4 (46), mature B-cell lines which bear a t(14;18)(q32;q21); and U937 (51), a monoblastic leukemia cell line.
Southern blot analysis. High-molecular-weight DNA was extracted from 8402 cells and human placenta. Genomic DNA (10 p.g) was digested to completion with the indicated restriction endonuclease, size fractionated in 0.7% agarose gels, and transferred to reinforced nitrocellulose (Nitroplus 2000; MSI, Westborough, Mass.) by using ammonium acetate (15) . Blots were hybridized to labeled probes prepared by the random-priming method (20) and then washed and autoradiographed as previously described (25) .
Northern blot analysis. Total cellular RNA was prepared by a guanidine thiocyanate lysis procedure (15) . Samples consisting of 15 to 20,ug of total RNA or 5 jig of poly(A) RNA [selected by oligo(dT)-cellulose chromatography] were denatured in formamide, electrophoresed in agarose-formaldehyde gels, and transferred to Nitroplus 2000 (15) . Hybridizations were carried out as described for Southern blot analysis except that the formamide concentration was increased from 40 to 50% (vol/vol).
Somatic cell hybrids. Genomic DNA from a previously characterized panel of hamster-human and mouse-human somatic cell hybrids (39, 40) was examined by Southern blot analysis as described above.
Flow-sorted chromosomes. 8402 cells were grown to a density of 4 x 105 to 6 x 105 cells per ml, and then 0.05,ug of colcemid was added per ml. After a 14-h colcemid block, the mitotic index was 15 to 30%. Cells were harvested without mitotic cell enrichment by centrifuging them at 250 x g for 10 min. The pellet was suspended in 75 mM KCI for 30 min to swell the cells. After a second centrifugation, the cells were suspended in Buffer III (polyamine) (3). The metaphase chromosomes were dispersed into suspension by vortexing them at high speed for 30 s. The chromosome preparation was stained with 124,uM chromomycin A3 and 4.8,uM Hoechst 33258 (Hoechst-Roussel Pharmaceuticals, Inc., Somerville, N.J.). The interphase nuclei were removed by centrifugation at 100 x g for 2 min. The chromosomes were sorted on an EPICS V flow cytometer as previously described (3) . The peaks identified as der (11) and der (14) were not present in karyotypically normal cells, and the peak positions agreed well with the relative sizes of the derivative chromosomes present in the 8402 karyotype. Thirty thousand copies each of the normal chromosome 14 and of the der (11) and der (14) chromosomes and two hundred and ten thousand copies from the peak containing chromosomes 9, 10, 11, and 12 (of which 30,000 were normal chromosome 11) were sorted directly onto nitrocellulose filters as spots of less than 1-mm diameter. The filters were denatured in 0.5 M NaOH-1.5 M NaCI, neutralized in 3 M NaCl-0. Phage cloning. Phage clones containing the der (11) and der (14) (Fig. 1) . Instead, two rearranged fragments of 11.5 and 12.5 kb were seen. Further hybridization studies indicated that the 11.5-kb fragment hybridized only to a J81 probe, while the 12.5-kb fragment hybridized only to the C8 probe ( Fig. 1) .
Isolation of the der (11) breakpoint. To determine whether either of the rearranged 5TCR fragments noted on Southern blots contained the interchromosomal breakpoint, both the 11.5-and 12.5-kb XbaI rearrangements were cloned from an XbaI genomic library of 8402. The 12.5-kb XbaI clone contained the C. region, and sequences introduced 3' to it proved to be of chromosome 14 origin and may be related to the inversion-deletion events at the 5' end of the Ja noted by Baer et al. ( 2) (data not shown). Consequently, we focused our attention on 4)11-1, which contained the 11.5-kb XbaI fragment that hybridized to the Jb1 probe. Restriction mapping of 4)11-1 ( Fig. 2A) showed that the J. (14) der (1 1) this juncture was the der (11) or der (14) breakpoint, we turned to flow-sorted chromosomes. Chromosomes 11, 14, der (11), and der (14) from 8402 were sufficiently different in size that they could be separated from each other by fluorescence-activated chromosome sorting, as shown in the histograms in Fig. 2C . The sorted chromosomes were spotted onto nitrocellulose filters and hybridized to the 1.0-kb SacI probe. This probe hybridized to the normal chromosome 11 and to der (11) as shown. On the basis of the restriction map, somatic cell hybrids, and flow-sorted 8402 chromosomes, we concluded that 411-1 contains the der (11) breakpoint.
Isolation of the corresponding germ line genomic region of 11plS. A phage clone containing the normal 11pl5 region corresponding to chromosome 11 sequences adjacent to this breakpoint was isolated by screening a human lung fibroblast genomic library with the 1.0-kb Sacl probe. The restriction map of this clone, 4HG2-2, revealed that the 1.0-kb Sacl probe hybridized to one end of the 13.5-kb insert (Fig. 3A) . The restriction map and orientation of 4HG2-2 indicated that it spans the site at 11piS involved in the 8402 breakpoint and contains a substantial region of DNA expected to be translocated to der (14) of 8402.
Isolation of the der (14) breakpoint. We generated a unique 1.6-kb BamHI probe derived from 4)HG2-2 (Fig. 3A) to screen the 8402 XbaI genomic library. Duplicate filters were screened with the 1.0-kb SacI probe to eliminate isolates from the normal chromosome 11. A 13.5-kb phage clone, 414-1, which was positive with the 1.6-kb BamHI probe but negative with the 1.0-kb Sacl probe, was isolated. A restriction map of this clone (Fig. 3B) indicated in Fig. 3B , further confirming its identity as the der (14) breakpoint.
The der (11) and der (14) breakpoints resemble coding and signal joints, respectively. The breakpoint regions of both derivative chromosomes and their normal germ line chromosomal counterparts were sequenced (Fig. 4) . Our sequence of the germ line 11 matched that published previously by Boehm et al. (9) , with the exception of an additional cytidine 21 bases from the breakpoint, which may represent a normal polymorphism. Comparison of our detailed sequence data of the germ line diversity and joining segments of the 6TCR (24) with the der (11) and der (14) breakpoints provided further information about this translocation. The der (11) inserted. In addition, extensive N segment addition (nucleotides not found in the germ line) was found at the D82-J61, D.,-D62, and chromosome 11-D8,1 junctures (Fig. 4) .
The der (14) breakpoint recombined the exact heptamer, 12-base-pair spacer, and nonamer cleaved from the 5' flank of the D,1 gene segment with an isolated heptamer sequence, CACAGTG, found precisely at the breakpoint on the germ line 11. Thus, the der (14) breakpoint is analogous to a signal joint (see Discussion).
Identification of transcriptional units. In order to identify transcripts that might arise from either derivative chromosome, we identified unique fragments that spanned chromosome 11 and 14 sequences and used them as probes against Northern blots containing 8402 RNA. A 0.7-kb SacI-BamHI probe of chromosome 11 origin that remained on der (11) ( (Fig. 3) were used as prob Multiple, apparently independent t 8402 (Fig. 5) The longest clone, llBi (Fig. 6A) , was 1.35 kb in length, 1.5-kb HindIII-SacI probe.
which is in agreement with the apparent size of the transcript bes located adjacent to the on Northern blots (Fig. SC) mediaed theigtrascrbip residues similar to those seen in zinc finger proteins (Fig. 7A) ces located on der (14) .
(see Discussion). These two regions share substantial homolorCe probes (data not ogy with one another, as indicated by the number of identical of the probes of chromo-amino acids or conservative amino acid changes seen when th this 3.5-kb RNA.
their sequences are compared. These two regions share a chromosome 11 origin similar degree of homology with a portion of a cysteine-rich script in 8402 (Fig. Sb), intestinal protein of rat (7), as demonstrated in Fig. 7B. )ted by Boehm (9) . This The 3' untranslated region of the 1.35-kb cDNA contained Ll in size to the minor a presumed polyadenylation signal, ATTAAA (8) , located 18 idlIl-SacI probe which nucleotides upstream from a poly(A) tail. Two areas in the 3' 4 kb. This HindIII-SacI untranslated region resembled the sequences which have than 2 kb further downbeen described as mediating a short mRNA half-life (10, 47) ment (Fig. 3) . Thus, the (Fig. 6B) .
MOL. CELL. BIOL. 
DISCUSSION
The human &TCR is a gene within a gene located within the oaTCR locus at 14qll (25, 27, 45, 52) . The BTCR gene is the first of the four TCR genes to rearrange during early thymic development (12) . While the aTCR locus is enormous, the BTCR repertoire and geography are limited (25) . These observations facilitate the molecular cloning of interchromosomal translocations that involve 14qll in immature T-cell neoplasms such as the RPMI 8402 T-ALL line. The breakpoint in 8402 has also been studied by Boehm et al. (9) , who noted that sequences at the breakpoint were analogous to the murine BTCR and correctly concluded that the breakpoint most probably involved an intermediate rearrangement of the BTCR locus. We extend and refine these observations by comparing the breakpoint region with our sequences for the germ line BTCR gene segments.
The der (11) firmed by hybridization to flow-sorted chromosomes from 8402 but could also be inferred from the known chromosomal orientation of the a/8TCR locus (19, 34) . However, the flow-sorted chromosomes provided an important reagent for localizing other genes telomeric or centromeric to these breakpoints at 14qll and lipiS.
Multiple, apparently distinct transcripts surround the breakpoint in 8402. A small, approximately 0.3-kb mRNA was detected by a chromosome 11 origin probe which is found on der (11) . However, the expression of this gene appears to be rather constitutive, being present in all hematopoietic cell lines examined. In contrast, three distinct transcripts were recognized by sequences found on der (14) . A probe from the 5'-flanking region of D81 recognized a 3.5-kb transcript only in 8402 (Fig. 5a) (28, 50) . Since the bTCR gene on the normal chromosome 14 has been deleted, the 3.5-kb mRNA must originate from der (14) (Fig. 3) . The probes derived from chromosome 11 located closest to the der (14) breakpoint recognized 4.4-and 1.4-kb mRNAs that may be related. The BamHI-KpnI probe nearest the breakpoint recognized a 4.4-kb transcript corresponding to the transcript reported by Boehm et al. (9) (Fig. 5b) . However, the HindIII-SacI probe also recognized a 4.4-kb mRNA as a minor transcript while revealing a major 1.4-kb species (Fig. 5c) . We speculate that the 4.4-kb species is an alternative or incompletely processed form of the predominant 1.4-kb mRNA. The genomic region most distal to the der (14) breakpoint in (i14-1 recognized an approximately 8.0-kb mRNA in 8402 (Fig. 5d) .
The presence of higher levels of this set of mRNAs in 8402 than other cells examined supports the hypothesis that they are derived from der (14) and are deregulated by a common event, most likely the chromosomal translocation. We have isolated several cDNA clones representing the 1.4-kb transcript of Ttg-1. The longest of these, llBi (Fig.  6A) , is 1,356 nucleotides. We believe that this encodes the entire transcript which has an apparent size of 1.4 kb by Northern blot. The apparent open reading frame (Fig. 6B) , which initiates at one of two adjacent ATG codons located at nucleotides 498 and 501, predicts a very basic protein (estimated pl, 10.08). It has no apparent amino-terminal hydrophobic signal peptide. There are two repeated domains in the predicted protein (Fig. 7A) . The arrangement of cysteine-cysteine or histidine-cysteine pairs separated by a stretch of predominantly basic and polar amino acids resembles regions in a family of DNA-binding proteins (termed zinc finger proteins) in which two such pairs coordinately bind one Zn2+ atom. The region between these pairs, containing mostly basic and polar amino acids, forms a loop or finger which binds to DNA (for reviews, see references 5 and 30).
The prototype for this family of zinc finger proteins is TFIIIA, a Xenopus transcription factor, which binds to the 5S RNA gene to activate transcription and binds to the 5S RNA molecule itself (42) . It contains nine imperfect repeats of a domain with the general structure CX2 to 5CX12HX2 3H which binds zinc (for reviews, see references 5 and 30).
Comparison of the repeated domains in TFIIIA and several other homologous DNA-binding proteins led to the description of a consensus sequence for these loops. However, it now appears that the zinc finger is a more broadly distributed and more varied motif for a variety of proteins whose common feature is DNA binding. The glucocorticoid receptor family contains similar cysteine-cysteine pairs which bind zinc and DNA (30) . The retinoblastoma gene product, a nuclear phosphoprotein which binds to DNA in vitro, has been proposed to contain two zinc fingers with larger loops of 27 and 31 amino acids (35) .
Zinc-stabilized loops may also be important in proteinprotein interactions. The larger protein product of the adenovirus EIA gene contains a potential zinc finger and interacts with cellular factors to stimulate transcription from early promoters (6, 36) . It is interesting that the EJA gene product interacts with the retinoblastoma gene product described above (54) . Aside from the arrangement of cysteine-cysteine or histidine-cysteine pairs, the sequences of the finger regions in the proteins described above are quite variable. It is possible that the two repeated domains in Ttg-l may well form zinc fingers, given the spacing of the cysteinecysteine or histidine-cysteine pairs and the amino acid content of the region between these pairs. The two potential zinc finger domains in Ttg-l share homology with a region in cysteine-rich intestinal protein of rat that is only slightly less than their self homology (Fig. 7) . The mRNA for cysteine-rich intestinal protein of rat is highly expressed in the large and small intestines of rats which are being weaned and is highly conserved throughout evolution (7) . It has not been determined whether this protein binds zinc or DNA (J. Gordon, personal communication). Cloning the t(11;14)(p15; qll) breakpoint enabled us to isolate this gene and provides the opportunity to assess its function and contribution to T-cell growth and neoplasia.
